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Multinucleon ejection model for two-body current neutrino interactions
Jan T. Sobczyk∗
Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
A model is proposed to describe nucleons ejected from a nucleus as a result of two-body current
neutrino interactions. The model can be easily implemented in Monte Carlo neutrino event gener-
ators. Various possibilities to measure the two-body current contribution are discussed. The model
can help identify genuine charge current quasielastic events and allow for a better determination of
the systematic error on neutrino energy reconstruction in neutrino oscillation experiments.
I. INTRODUCTION
There is a lot of evidence for a significant multinucleon
ejection contribution to the inclusive neutrino charge cur-
rent (CC) cross section in the 1 GeV energy region [1].
On the experimental side, several recent nuclear target
CCQE (CC quasi-elastic) cross section measurements re-
ported a large value for the axial mass (MA), in disagree-
ment both with older deuterium target measurements [2]
and also with electroproduction arguments [3]. A possi-
ble explanation for the discrepancy is that some events
interpreted as CCQE are in fact due to a different dy-
namical mechanism that typically leads to multinucleon
emission [4]. In fact, in the case of the MiniBooNE (MB)
CCQE measurement, nucleons in the final state were
not analyzed at all. The MB collaboration reported a
high-statistics 2-dimensional muon inclusive cross section
likely to contain a large multinucleon ejection contribu-
tion, and thus provide a challenge for theoretical models
[5].
On the theoretical side there are several two-body cur-
rent computations that support the idea of a signifi-
cant multinucleon contribution to CC neutrino scatter-
ing. First was the Marteau model, based on the earlier
works of Ericson and Delorme [6]. The model is formu-
lated in the framework of the non-relativistic Fermi Gas
in the Local Density Approximation (LDA) approach.
It includes the QE and ∆ excitation elementary inter-
actions, Random Phase Approximation effects (RPA are
in medium polarization corrections important in the low
four-momentum transfer region [7]), and ∆ self-energy
in the nuclear matter [8]. The model was later upgraded
by Martini, Ericson, Chanfray and Marteau (MEChM
model) and compared to the MB data [4]. It predicts a
large np-nh contribution to the CC cross section that can
explain the MB CCQE anomalous MA measurement (n
particles and n holes; in the Fermi Gas picture ejection
of n particles means that there are also n holes left in the
Fermi sea). With the inclusion of relativistic corrections
the MB 2D differential cross section can be reproduced
[9].
Another approach to the multinucleon ejection was
proposed by Nieves, Ruiz Simo and Vicente Vacas [10].
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The model uses techniques developed for the analysis of
the inclusive electron-nucleus cross section in the kine-
matical region contaning both QE and ∆ excitation
peaks [11]. The model is relativistic and incorporates
similar nuclear effects as the MEChM model. In the pa-
per [12] a comparison to the MB 2D CCQE data gave a
best fit axial mass value 1.08± 0.03 GeV.
The third microscopic computation of the multinucleon
ejection in electron and neutrino interactions was dis-
cussed in a series of papers [13]. There are many simi-
larities but also some differences between the three ap-
proaches and a detailed discussion of them may be found
in [14].
Recently, an effective approach to describe multinu-
cleon contribution to the neutrino inclusive cross section
was also proposed. The Transverse Enhancement model
(TEM) [15] is based on analysis of electron-carbon scat-
tering data and parameterizes the multinucleon ejection
contribution to the muon inclusive cross section in terms
of a modification of the magnetic electromagnetic form
factor. The model predicts that the two-body current
contribution is less important at larger neutrino energies
which can reduce a tension between the MB and NO-
MAD [16] axial mass measurements.
In all the approaches the calculated quantity is the con-
tribution to the muon inclusive differential cross section
corresponding to multinucleon ejection. This is sufficient
if the aim is to reproduce the MB 2D CCQE data. How-
ever, any attempt to separate the dynamical mechanism
leading to the CCQE-like events (defined here as those
with no pions in the final state) must be based on a care-
ful investigation of the hadrons in the final state. This
introduces a new ingredient to the discussion, Final State
Interactions (FSI) effects. There are always CCQE-like
events which are not really CCQE due to FSI effects. The
major contribution comes from the pion absorption but
there are also events with several nucleons in the final
state originating from a primary CCQE interaction with
an energetic outgoing proton. A further clarification is
necessary: in this paper the term CCQE will always re-
fer to primary interactions. The basic picture is that of
a nucleus as composed from quasi-free nucleons.
In many neutrino oscillation experiments neutrino en-
ergy is reconstructed based on the muon information
only. It is clear that the two-body current contribution
can introduce a significant bias and should be considered
in the evaluation of systematic errors. It is important
2to develop models of the two-body current contribution
which can be implemented in neutrino Monte Carlo (MC)
event generators [17], and for that one needs predictions
for nucleons in the final state. The aim of this paper
is to propose a model to provide this information. The
nucleon ejection part of the model is quite universal and
can be used together with any model of the double dif-
ferential muon inclusive cross section.
The paper is organized in the following way. In Sect.
2 the multinucleon ejection model is introduced. In or-
der to make numerical predictions a model of the muon
2D differential cross section is necessary. Two such mod-
els are described: a microscopic model inspired by the
Marteau approach and the effective TE model. Both
models have been implemented in the NuWro MC event
generator [18]. In Sect. 3 some predictions from the
model are shown and the focus is on demostration of the
relevance of the FSI effects. Section 4 contains a discus-
sion of possible ways to measure the two-body contribu-
tion experimentally and a few final remarks can be found
in Sect. 5.
II. THE MODEL
The multinucleon ejection model proposed in this pa-
per is quite general. It needs as an input a muon inclusive
differential cross section model. Two models used in the
numerical computations will be described in II B.
A. Nucleon ejection model
One basic assumption of the model is that the energy
and momentum are transfered to two (or three) nucleons
simultaneously.
The procedure to generate nucleon final states is as
follows:
• Two (or three) nucleons are selected from a Fermi
sphere of radius 220 MeV (we assume the interac-
tion occurs on carbon).
• Th four momentum of the hadronic system is calcu-
lated by adding the four momenta of selected nu-
cleons and the energy and momentum transfered
by the interacting neutrino.
• A Lorentz boost to the hadronic center of mass sys-
tem is performed.
• Two (or three) nucleons are selected isotropically
in the hadronic center of mass system
• The boost back to the laboratory frame is per-
formed.
Each event is weighted by the muon inclusive differ-
ential cross section. The energy balance is done based
on the assumption that inital state nucleons are in the
potential well of the depth V = Ef + 8 MeV (Ef is the
Fermi energy). In the numerical computations:
• The Fermi energy is subtracted from each initial
state nucleon.
• For each nucleon in the final state (in the LAB
frame) its energy is reduced by 8 MeV, adjusting
the momentum so that it remains on-shell.
The above procedure allows for a smooth distribution
of the nucleon momenta in the final state. When the
model is implemented in a MC event generator, after
the initial interaction nucleons propagating through a
nucleus are subject to rescatterings. The treatment of
energy balance must be consistent with the way the cas-
cade model is designed.
The algorithm introduces some correlations between
the initial state nucleons: not all the initial configura-
tions give rise to a hadronic system with center of mass
invariant mass larger than 2M (or 3M for three nucleon
ejection, where M is nucleon’s mass). In the numerical
code initial state nucleon configurations are selected until
acceptable nucleon momenta are found.
Tests were also done with fully correlated pairs of nu-
cleons in the deuteron-like configuration with opposite
three-momenta in the initial state and the results re-
mained virtually unchanged. The most important as-
sumption of the model is that of an isotropic distribu-
tion of final state nucleons in the hadronic center of mass
frame.
In the Monte Carlo implementation it is assumed that
in the CC neutrino reactions ∼ 80% of the final state nu-
cleons are protons and only ∼ 20% are neutrons. For the
CC antineutrino reactions the isospin composition of the
final state is opposite with ∼ 80% of neutrons and ∼ 20%
of protons. The authors of the MEChMmodel claim that
in the case of CC neutrino interactions there should be
much more proton-neutron than neutron-neutron pairs in
the initial state and as a consequence more proton-proton
than proton-neutron pairs in the final state [4].
We note the above procedure to get nucleons in the
final state is similar to the one considered earlier in [23].
B. Muon cross section models
In this subsection two muon inclusive cross section
models are presented.
1. Microscopic model
The model is based on the Marteau approach [19]. It
was developed about 10 years ago and discussed at the
NuInt02 workshop [20]. The cross section is given as:
d2σ
dqdω
=
GF cos
2 θCq
32πE2ν
LµνH
µν , (1)
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FIG. 1. (Color online) Predictions for the np-nh contributions
to the CC scattering on carbon from two models discussed in
this paper. For comparison the QE cross section is also shown.
where Eν is the neutrino energy, q
µ = (ω, ~q) is the four-
momentum transfer, q = |~q|, Lµν is the leptonic tensor
Lµν = 8
(
k′µkν + kµk
′
ν − gµνk · k
′ ± iǫµναβk
′αkβ
)
, (2)
k and k′ are neutrino and charged lepton four-momenta,
± signs refer to the neutrino and antineutrino cases.
The hadronic current is:
Hµν = HµνNN +H
µν
N∆ +H
µν
∆N +H
µν
∆∆
, (3)
where HµνXY , X,Y ∈ (N,∆) are expressed in terms of ex-
pectation values of spin operators acting in the nucleus
Hilbert space, so called nuclear response functions. The
model uses quasi elastic form factors to describe the ∆
excitation and consistency of the approach was investi-
gated in [21].
More details about the model can be found in [6, 20].
The model includes the RPA and ∆ in-medium self-
energy effects. Recently, the model was upgraded and
it now contains LDA effects. The elementary 2p-2h re-
sponses were added following the procedures described in
[19]. The model in this paper – like the MEChM model –
does not include RPA corrections to the np-nh contribu-
tion (exceptions are terms describing pionless ∆ decays).
The elementary response functions used in the micro-
scopic model are similar to those used in the MEChM
paper, as shown in Fig. 3 in [4].
In Appendix A we collect basic formulae which allow
for a comparison with other approaches.
In the microscopic model there is the possibility of two-
and three- nucleon ejection. The three nucleon ejection
contribution comes from pionless ∆ decays i.e. from reac-
tions N∆→ NN and NN∆→ NNN with N standing
for a nucleon [8].
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FIG. 2. (Color online) Predictions for the two-body current
contribution to the CC carbon target differential cross section
versus energy transfer from the two models discussed in this
paper.
2. Transverse Enhancement Model
A new approach to describe CCQE scattering on nu-
clear targets is proposed in [15]. The model is easy to
implement in MC event generators. It is sufficient to
modify the vector magnetic form factor keeping all other
ingredients of the CCQE model as in the free nucleon
target case.
The authors of [15] proposed for the carbon target a
universal transverse enhancement function of Q2. For
low Q2 its form is determined by scaling arguments while
for large Q2 (> 0.5 GeV2) it is obtained as a fit to in-
clusive electron cross section data from the JUPITER
experiment. The prescription to include transverse en-
hancement contribution in the numerical computations
amounts to the replacement:
Gp,nM (Q
2)→ G˜p,nM (Q
2) =
√
1 +AQ2 exp(−
Q2
B
)Gp,nM (Q
2)
(4)
where Gp,nM (Q
2) are electromagnetic form-factors, A = 6
GeV−2 and B = 0.34 GeV2.
The most interesting feature of the TEM model is
that it offers a possible explanation to the apparent
contradiction between low (MB) and high (NOMAD)
neutrino energy MA measurements: for energies up to
∼ 700 MeV the TEM predicts the cross section to be
similar to CCQE with MA = 1.3 GeV. For higher neu-
trino energies the TEM cross section becomes signifi-
cantly smaller and at Eν ∼ 5 GeV it corresponds to
CCQE with MA ∼ 1.15 GeV.
As the TEM prediction for the two-body current con-
tribution one takes the difference between the cross sec-
tions calculated with the modified and default magnetic
4form factors:
d2σTEM
dqdω
=
d2σCCQE
dqdω
(G˜p,nM )−
d2σCCQE
dqdω
(Gp,nM ). (5)
In the TEM only two-nucleon ejection takes place.
C. Muon CC models comparison
Fig. 1 shows the predictions for the np-nh contribution
from both models. They are quite similar in size and only
for neutrino energies above 700MeV does the microscopic
model predict a larger cross section. For comparison,
the predictions for the QE cross section (one outgoing
nucleon at the interaction point) are shown as well. In the
presented models, the multinucleon ejection contribution
amounts to about 25% of the QE cross section.
Fig. 2 shows the differential cross section for the mult-
inucleon ejection contribution as a function of the en-
ergy transfer. It should be stressed that so far no as-
sumptions about the final state nucleons were necessary.
The model predictions are quite different. In the case
of the microscopic model there is a lot of structure com-
ing from various ingredients of the model: contributions
from pionless ∆ decays, elementary NN and N∆ 2p-2h
responses. Similar structure can be seen also in Fig. 2 in
[4]. There are two versions of the MEChM model which
differ by elementary 2p-2h response functions. Following
the procedures described in [4], by making a fit to the
data contained in [22] new responses as functions of the
variable x ≡ Q2/2Mω = (q2 − ω2)/2Mω (where M is
the nucleon mass) were obtained. However, within the
microscopic model of this paper the new responses lead
to a too rapidly increasing np-nh cross section as a func-
tion of neutrino energy and in the rest of this paper the
original Marteau responses are used [19].
In the case of the TE model a sharp fall in the differ-
ential cross section at ∼ 460 MeV comes from the way
in which the model was implemented. We followed the
original paper and assumed the target nucleon to be at
rest. Pauli blocking effects are introduced by means of a
Q2 dependent suppression function. An alternative im-
plementation is to use the Fermi Gas model, but it is not
obvious which approach leads to better agreement with
the MB 2D CCQE data [24].
III. RESULTS
Figures 3 – 8 show predictions from both models imple-
mented in the NuWro MC event generator. All of them
are for protons only because in the experimental analy-
sis neutrons are usually not detected. In Section III we
focus on the impact of FSI effects on the results.
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FIG. 3. (Color online) Total kinetic energy of the final state
protons coming from two-body current interactions as mod-
eled by the microscopic model implemented in NuWro. Pre-
dictions from the model with and without nucleon rescatter-
ings are compared. The neutrino energy is 750 MeV.
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FIG. 4. (Color online) The same as in Fig. 3 but for the TE
model.
A. Total kinetic energy
Figs 3 and 4 show the kinetic energy of all the protons
in the final state. Due to rescatterings protons lose a
fraction of their kinetic energy. No protons in the final
state is a possible outcome in the NuWro FSI model.
B. Nucleon momenta
Figs 5 – 8 show the distributions of the momenta of
highest energy and second highest energy protons in the
final state. Again, because of reinteractions protons be-
comes less energetic. On average their momenta are re-
duced by ∼ 100 MeV/c.
An interesting feature of the distribution of the second
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FIG. 5. (Color online) Momentum of most energetic final
state protons coming from two-body current interactions as
modeled by the microscopic model implemented in NuWro.
Predictions from the model with and without nucleon rescat-
terings are compared. The neutrino energy is 750 MeV.
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FIG. 6. (Color online) The same as in Fig. 5 but for the TE
model.
most energetic protons is that the rescatterings make the
fraction of events in which there is at most one proton in
the final state smaller.
The distributions seen in Figs 7 and 8 are important
because they allow for an estimate of the probability
that there is a pair of reconstructed protons in the fi-
nal state. It is interesting that at the neutrino energy of
only 750 MeV the second nucleon can be quite energetic.
Figs 10 – 9 show two-dimensional distributions: high-
est energy versus second highest energy protons for both
models. Because the range of energy transfers for the
TEM is smaller, the phase space covered by pairs of pro-
tons is also reduced.
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FIG. 7. (Color online) Momentum of second most energetic
final state protons coming from two-body current interactions
as modeled by the microscopic model implemented in NuWro.
Predictions from the model with and without nucleon rescat-
terings are compared. The neutrino energy is 750 MeV.
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C. Energy reconstruction
Fig. 11 shows the distribution of reconstructed energy
EQErec obtained within the microscopic model. The true
neutrino energy is always 750 MeV. EQErec is defined based
on the information infered from the final muon only, as-
suming that the interaction is CCQE and the target nu-
cleon is at rest:
EQErec =
2MEµ −m
2
2(M − Eµ +
√
E2µ −m
2 cos θµ)
(6)
where Eµ is muon energy, m is muon mass, and θµ is an
angle between neutrino and muon three momenta.
The presence of the two-body current contribution in-
troduces an important bias and it can be seen that on
average the true neutrino energy is larger by ∼ 150 −
6Most energetic proton momentum [MeV/c]
200 400 600 800 1000 1200
Se
co
nd
 e
ne
rg
et
ic
 p
ro
to
n 
m
om
en
tu
m
 [M
eV
/c]
100
200
300
400
500
600
700
800
FIG. 9. Two dimensional distribution of proton momenta:
highest energy with respect to the second highest energy pro-
tons. Muon neutrino energy is 750 MeV, simulations are done
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200 MeV than EQErec .
The TEM uses the QE kinematics and it is not suitable
to study the bias in energy reconstruction.
IV. DISCUSSION
A. A role of energy transfer
The predictions from both models implemented in
NuWro are quite similar in shape; the only major dif-
ference is that in the microscopic model protons are on
average more energetic. This can be understood as a
consequence of different shapes for the muon differential
cross sections in energy transfer. In fact, this energy (a
fraction of) is seen as the kinetic energy of ejected pro-
tons. From the point of view of the multinucleon ejection
model, the most important features of muon CC two-
body current contribution to the differential cross sec-
tion are: (i) the integrated size, and (ii) the distribution
of events in the energy transfer.
B. How to see two-body current events
In the 1 GeV energy region (e.g. as it is in the T2K ex-
periment) two-body current events are almost all CCQE-
like. The probability to produce pions due to FSI effects
is negligible. It follows that in the experimental analysis
it is important to develop an effective veto on pions.
There are two promising observables which contain
an information about the two-body current contribution.
The first one is pairs of protons in the final state both
with momenta above some threshold value. The second
one is the integrated kinetic energy of charged hadrons
in the final state. In fact, if the typical neutrinos ener-
gies are about or below 1 GeV, most of the protons will
most likely remain not reconstructed and they will only
contribute to the vertex activity.
All the computations discussed below are done for the
750 MeV muon neutrinos. They can give an idea about
the size of effect to be expected e.g. in the T2K ex-
periment. The computations are done for the models
as implemented in NuWro with all the FSI effects being
included.
1. Proton pairs
Tables II and I show the predicted number of proton
pairs with both momenta above various threshold values.
The signal is defined as exactly two protons above: 300,
400 and 500 MeV/c. It is assumed that in the samples
of events there are no π0 (π0 is either reconstructed or
at least one energetic photon resulting from its decay is
detected). As for π± it is assumed that they can be iden-
tified if their momenta are above either 0 (i.e. all of them
are detected and the sample of events contains no π±),
7pi
± cut [MeV
c
]↓ proton cut [MeV
c
] → 300 400 500
0 signal 7185 4201 1805
background 13774 7928 2311
200 signal 7231 4201 1805
background 16158 8577 2388
TABLE I. Predicted number of proton pairs with both mo-
menta above various threshold values and two threshold val-
ues of the pi± momentum. Simulations were done for 750MeV
muon neutrinos. The number of generated events is 2.5 · 105.
The microscopic model in a NuWro implementation was used
to produce signal events.
pi
± cut [MeV
c
]↓ proton cut [MeV
c
] → 300 400 500
0 signal 5457 2271 651
background 13780 7961 2267
200 signal 5465 2271 651
background 16112 8691 2349
TABLE II. The same as in TABLE II but for the NuWro
implementation of the TE model.
or 200 MeV/c. In each situation the numbers of signal
and background events are shown separately. The back-
ground events are those with exactly two protons sat-
isfying the selection criteria but originating from other
dynamical mechanisms. The total number of generated
CC events is 2.5 · 105. In the case of microscopic model
for multinucleon ejection the sample of events contains:
59.4% QE and 15.2% two-body current events. Remain-
ing are mostly single pion production events. For the
TEM the composition of the sample of events is simi-
lar. The background for the two proton signal comes
mainly from the real pion production and its subsequent
absorption. The NuWro implementation of the absorp-
tion contains only two-body mechanism, and the size of
the background can be overestimated [26].
There are noticable differences in the predictions for
the number of the signal events from the two analyzed
models, and they show an interesting pattern. In the case
of pairs of protons both with momenta above 500 MeV/c
the difference is by a factor of 3 while for protons with
momenta above 400 MeV/c and 300 MeV/c the differ-
ences are only ∼ 80% and ∼ 30%. For larger proton
momenta the pattern can be explained by the fact that
the probability of a large energy transfer is in the case
of microscopic model much bigger. For lower proton mo-
menta the most important becomes the fact that overall
cross sections for multinucleon ejection are in both mod-
els quite similar.
The numbers of background events are slightly differ-
ent in both cases. They were generated in two separate
simulations and also the cross sections for multinucleon
ejection are slightly different.
The numbers shown in Tables II and I suggest that
in order to separate the signal from the background it is
enough to have the precision in the background estima-
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FIG. 12. (Color online) The distribution of hadronic kinetic
energy for the events with cuts as described in the text. Simu-
lations were done with 750 MeV muon neutrinos using NuWro
implementation of the microscopic model. The number of
generated events is 2.5 · 105. Contributions from CCQE,
RES+DIS and np-nh events are also shown separately.
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FIG. 13. (Color online) The same as in Fig. 12 but for the
TE model.
tion on the level of 50%, which seems to be a realistic
goal to achieve.
We conclude that counting of proton pairs can pro-
vide an experimental proof of existence of the multinu-
cleon ejection contribution and also a tool to discrimi-
nate between various models. However, it is necessary
to have large samples of event because the probability to
have a signal pair of protons with both momenta above
500 MeV/c is only 0.26− 0.72%.
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TE model.
2. Integrated energy of charged hadrons
For the overall charged hadron kinetic energy two ob-
servables can be considered:
∑
j
Tj , and
∑
j Tj
Eµ
. (7)
where j runs over charged hadrons in the final state and
Eµ is the muon energy. All the protons contribute to
the observables defined above, independent on how large
their momenta are. Also in this case one must introduce
some assumptions about the pions. In the plots shown in
Figs 12 – 15 in the signal events there are no π0 and no
π± with momenta above 200 MeV/c. In the figures con-
tributions from CCQE, RES+DIS and two-body current
mechanism are also shown separately. In the neutrino
MC nomenclature RES refers to the resonance region and
DIS to more inelastic events but for the purpose of this
study they are combined together. All three contribu-
tions are different in shape. This is clearly seen in the
case of RES+DIS. The shape of the multinucleon ejec-
tion contribution depend on the underlying muon cross
section model and on the FSI effects. It is important to
remember that in the distributions shown in Figs 12 and
14 also reconstructed protons are included.
In the actual experimental analysis the directly observ-
able quantity is the reconstructed energy. However, us-
ing neutrino MC generator one can make predictions for
the shape of the distribution of the reconstructed energy
and compare to the data. It can happen that both mea-
sured and predicted shapes do not match and that the
inclusion of the contribution from the two-body current
mechanism one gets much better data/MC agreement.
V. FINAL REMARKS
The aim of this paper was to discuss the phenomeno-
logical consequences of the two-body current contribu-
tion to the neutrino CC muon inclusive cross section. In
order to estimate the size of effect for the hadron ob-
servables the multinucleon ejection model was proposed
which can be easily implemented in neutrino MC event
generators. Using the model some observables which con-
tain an information about two-body current dynamics
were discussed.
It is important that the multinucleon ejection model
proposed in the Section IIA can be used together with
any model providing predictions for the two-body contri-
bution to the CC inclusive neutrino-nucleus cross section.
Identification of the two-body current experimental
signal is possible if based on a careful data/MC com-
parison. For that it is essential to have a reliable model
of FSI effects. It is also central to have a good description
of the nucleon final states arising after pion absorption.
One should also keep in mind that on the theoretical
side there is a lot of uncertainty as to how large the two-
body current contribution is expected to be. A careful
comparison of the predictions from the models described
in the Introduction for the MiniBooNE flux averaged con-
tribution in the region cos θµ ∈ (0.8, 0.9) (see Fig. 6 in
[9] , Fig. 3 in [12] and Fig. 4 in [25]) reveals that they
differ by a factor of two.
All the microscopic models discussed in this paper are
based on the Local Fermi Gas model and the arguments
of the paper [27] indicate that in order to evaluate the
two-body current contribution it is necessary to use a
more realistic model of the nucleus ground state. For the
multinucleon ejection model this means that one should
include more correlations between initial state nucleons.
During the work on the upgraded version of this pa-
per an article on the similar subject was published by
9Lalakulich et al [28].
Appendix A: Some formulas from the microscopic
model used in this paper
The components of the hadronic tensor are expressed
as:
Hµν = HµνNN +H
µν
N∆ +H
µν
∆N +H
µν
∆∆
. (A1)
For example,
H00XY =
√
MX +
√
M2X + q
2
2MX
√
MY +
√
M2Y + q
2
2MY
(
α00Xα
0
0Y R
c
XY + β
0
0Xβ
0
0YR
l
XY
)
, (A2)
α00X = F1(ω, q)− F2(ω, q)
q2
2M(MX + EXq )
β00X =
q
MX + EXq
(
GA(ω, q)−
ω
2M
Gp(ω, q)
)
. (A3)
F1, F2, GA and Gp are standard form factor in the weak
nucleon-nucleon transition matrix element.
In the case of free Fermi gas:
RN∆ = R∆N = 0,
Rc,l,tNN (ω, q) = Im(Π
0
NN )(ω, q), (A4)
Rl,t
∆∆
(ω, q) = Im(Π0∆∆)(ω, q), (A5)
Im(Π0NN )(ω, q) = −
M2
2π2
∫
d3p
δ(ω + EN~p − E
N
~p+~q)
EN~p E
N
~p+~q
Θ(kF − |~p|)Θ(|~p+ ~q| − kF ) =
= −
M2
πq
(E1 − E2)Θ(E1 − E2), (A6)
where E1 = EF , E2 = max(−
ω
2
, EF − ω,
q
2
√
1 + 4M
2
Q2
).
Im(Π0∆∆)(ω, q) = −
4M2∆
9π3
∫
d3p
Γ∆Θ(kF − |~p|)
(s−M2∆)
2 +M2∆Γ
2
∆
.
(A7)
s = (p+ q)2.
In the nuclear matter Γ∆ is modified because of the
Pauli blocking effect which we introduce as a multiplica-
tive factor PB and also by the ∆ self energy:
Γ∆ → PB · Γ∆ − 2 Im(Σ).
Our parameterization of Im(Σ) is based on [8]:
Im(Σ) = Im(ΣNπ) + Im(ΣNN ) + Im(ΣNNN )
where the last two terms correspond to pionless ∆ decays
with an emission of two and three nucleons. We con-
verted the information contained in [8] to the kinematical
situation of the lepton scattering using the procedure de-
scribed in [20]. Because Im(Σ) depends strongly on the
nuclear density it was evaluated (and tabularized) in the
Local Density Approximation using the density profile of
the carbon nucleus:
Im(Π0∆∆)LDA(ω, q) =
−
4M2∆
9π3
∫
d3rρ(~r)
∫
d3p
Γ∆(~r)Θ(kF − |~p|)
(s−M2
∆
)2 +M2
∆
Γ2
∆
(~r)
. (A8)
For the real part of the ∆ self energy the parametrization
M∆ →M∆ + 40MeV
ρ
ρ0
was used.
Details about the RPA computations can be found in
[20].
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